1 Guinea-pigs were sensitized with 3 injections of ovalbumin (OA) (1 or 1O pg per animal) using AI(OH)3 and pertussis vaccine as adjuvants at two week intervals. 2 Sensitized guinea-pigs were challenged with an aerosol of OA (0.1%) over a one hour period and both airway reactivity and cellular content of bronchoalveolar lavage (BAL) fluid were assessed at intervals for up to 7 days. 3 Guinea-pigs sensitized with 1 ug of ovalbumin responded to an aerosol of OA with increased pulmonary airway eosinophilia, which was evident 1 day after challenge and was present for up to 7 days. Airway hyperreactivity was not detectable in these animals. 4 Guinea-pigs sensitized with 10pg of ovalbumin responded to an aerosol of OA with increased pulmonary airway neutrophilia and eosinophilia and with increased airway reactivity which was maximal between 8 and 24 h after exposure to OA. 5 Depletion of circulating platelets or neutrophils, by use of selective antisera, did not alter either the magnitude of eosinophilia or the intensity of airway reactivity in sensitized guinea-pigs (10 pg) exposed to an aerosol of OA. 6 Pretreatment of sensitized guinea-pigs (10Ig) for 6 days with AH 21-132, aminophylline, dexamethasone or ketotifen inhibited pulmonary airway eosinophilia, but did not diminish airway hyperreactivity. Neither eosinophil accumulation nor development of airway hyperreactivity was influenced by treatment with mepyramine or salbutamol over a 6 day period before OA inhalation. 7 Although eosinophilia may occur in association with increased airway reactivity in this animal model, there is no evidence of a causal relationship. 
Introduction
The presence of eosinophils in airways of asthma patients was recognised over sixty years ago in histological preparations of lung tissue (Huber & Koessler, 1922) . Increased eosinophil numbers in peripheral blood, sputum or lung tissue are now widely acknowledged to be characteristic of asthma (Dunnill, 1960; Epstein, 1972; Horn et al., 1975; Frigas & Gleich, 1986 ). In addition, toxic eosinophil products, such as major basic protein (MBP) (Frigas et al., 1981) and eosinophil cationic protein (ECP) (Dahl et al., 1978) have been demonstrated in the sputum and blood of asthma patients. Further evidence of eosinophil involvement in inflammatory reactions within the asthmatic lung has been provided, by demonstration of an increased bronchial eosinophilia in patients exhibiting a late asthmatic response (De Monchy et al., 1985) and of a positive correlation between airway reactivity to methacholine and blood eosinophilia in asthmatics who respond to allergen with a biphasic airway obstruction (Durham & Kay, 1985) . Because of this association, it is widely considered that airway eosinophilia leads to epithelial desquamation as a consequence of MBP and ECP release, which in turn would lead to airway hyperreactivity (Flavahan et al., 1988) .
The present investigation has sought to study the relationship between airway eosinophilia and hyperreactivity in sensitized guinea-pigs after exposure to antigen. The guinea-pig has been chosen as a test animal because of histological simi-Antigen exposure Sensitized guinea-pigs were placed in a 16litre plexiglass chamber which was partitioned into 4 equal sections. Each section housed a guinea-pig, which was restrained by the neck. The snout of each animal was placed in a nose-cone attached to the outlet of a DeVilbiss nebuliser. Animals were exposed for one hour to an aerosol of OA (10ml of 0.1% solution) which was generated in the nebuliser using compressed air (71min-1). This procedure does not lead to an anaphylactic response. At various times after exposure, airway reactivity to intravenous spasmogens was measured in anaesthetized animals and lungs were subsequently lavaged. Guinea-pigs sensitized with 1 pg of OA were tested at 24, 48, 72 h and 7 days after exposure to OA, whereas guinea-pigs sensitized with 10 pg were tested additionally at 4, 8 and 12 h after exposure to OA. Control groups included sensitized guinea-pigs not exposed to allergen and naive guinea-pigs exposed to OA and tested 24, 48 or 72 h after exposure.
Measurement oflungfunction and airway reactivity to histamine and PGF2a
Guinea-pigs were anaesthetized with sodium phenobarbitone (100mg kg-1 i.p.) and sodium pentobarbitone (30mg kg-' i.p.) and paralysed with gallamine (lOmgkg1-i.m.). Animals were ventilated (8 ml kg-1, 1 Hz) via a tracheal cannula with a mixture of air and oxygen (1:1 v/v). Air flow was monitored by a pneumotachograph (type 0000, Fleisch, Switzerland) 
Drug administration
Drugs were administered for seven days (6 days before antigen exposure) via an osmotic mini-pump (Alzet), implanted subcutaneously in the nuchal region under ether anaesthesia. Animals receiving saline or a solvent mixture (polyethylene glycol and ethanol, 30/70 v/v) acted as controls. AH 21-132, dexamethasone, ketotifen and mepyramine were administered at 1 mg kg-I day-1. Aminophylline was administered at 10mgkg-1day-' and salbutamol at 1.0 or 0.lmgkgday l.
Passive cutaneous anaphylaxis Blood (5 ml) was removed by cardiac puncture from a group of sensitized (10 pg OA) guinea-pigs (n = 30) under ether anaesthesia. Serum was collected 24 h after clot retraction, pooled and centrifuged (400g for 10min). Aliquots of serum were stored at -20°C. Naive guinea-pigs were shaved on both flanks and one hour later, marked skin sites were injected with diluted (1:100) serum from hyperimmune (10 pg OA) or normal animals. Three days later, other sites were injected with diluted (1:100) hyperimmune serum. After a further 3 days, Evans blue dye (2.5% w/v in normal saline) and 125I-human serum albumin (1 pCi per animal), in a final volume of 0.5 ml, were injected intravenously. Within 10 min, sensitized and non-sensitized skin sites were injected with OA (10pg per site). Thirty min later, guinea-pigs were killed by cervical dislocation and 1 ml of blood was withdrawn by cardiac puncture. The injection sites were removed with a wad-punch (15mm diameter) and the radioactive content of blood and skin sites was determined in an automatic gamma counter (LKB). Plasma protein extravasation was expressed as p1 whole blood equivalent (Williams & Morley, 1973) . This procedure allowed measurement of the ability of serum from sensitized guinea-pigs to sensitize skin of naive guinea-pigs after 3 or 6 days.
Preparation of antibodies to guinea-pig platelets and neutrophils
Preparation of lytic antibodies to guinea-pig platelets or neutrophils has been described in detail elsewhere (Sanjar et al., 1990; Hutson et al., 1989 
Results

Comparison of naive and sensitized guinea-pigs
Only sensitized guinea-pigs in which there was a substantial increased skin thickness (> 100%) following intradermal injection of OA (10 ug per site) were used in this study. Serum from these animals could sensitize the skin of naive guinea-pigs for up to 6 days. Intradermal injection of OA (10pg per site) into non-sensitized sites induced an increased plasma protein extravasation (IPPE) of 14 + 1jul whole blood equivalent, whereas injection at sites sensitized 3 or 6 days previously, induced IPPE of 148 + 7 and 66 + 12 jl whole blood equivalent, respectively (n = 8). These observations indicate that responses mediated by IgE-type antibodies contribute substantially to reactions in actively sensitized animals.
Basal airway function (RL and Cdy.), airway reactivity to histamine (1.0-1.8jugkg-1) or PGF2a (56 pgkg'-) and cellular content of bronchoalveolar lavage (BAL) fluid were determined in naive guinea-pigs and guinea-pigs sensitized with either 1ug or 10jg of OA. Sensitized animals did not differ from naive animals in any of the lung function parameters measured (Table 1) . However, sensitized guinea-pigs exhibited a small, but significant, increase in the total eosinophil numbers recovered in BAL (Table 1) , and in the incidence of eosinophils, when compared as a percentage of total cells (naive, 5.0 + 0.7%; 1jug OA, 10.6 + 2.0%; 10jg OA, 16.5 + 3.0%).
Exposure of naive guinea-pigs to ovalbumin
Naive guinea-pigs exposed to an aerosol of OA (0.1%) exhibited minimal changes in basal lung function or airway reactivity to histamine (1.81jgkg-1) or PGF2. (561jgkg-1) (Table 2 ). There was a signficant increase in total cell numbers recovered in BAL at 24 (46 + 7 x 106, P < 0.001, n = 5) and 48 (31 + 3 x 106, P < 0.024, n = 5) hours after exposure to OA when compared with naive guinea-pigs not exposed to OA (21 + 3 x 106, n = 5) ( Table 2) .
Exposure of sensitized guinea-pigs to ovalbumin Animals sensitized with 1 jg ovalbumin Exposure of this group of guinea-pigs to an aerosol of OA (0.1%) for 1 h did not induce overt respiratory distress. Basal lung function (RL and Cdy.) and airway reactivity to histamine (1.8pgkg-1) or PGF2. (561jgkg-1) remained unchanged at all time points (24, 48, 72 h and 1 week after challenge), when compared with sensitized guinea-pigs not exposed to OA (0.1%) (Table 3 ). However, there was an increase in all cell types in BAL fluid, (Table 4) .
Intravenous injection of histamine (1.8 pg kg-1) or PGF2.
(56pgkg-1) revealed increased reactivity to both spasmogens (Table 4) . Airway reactivity to histamine was significantly greater at 8, 12, 24 and 48 h. Airway reactivity to PGF2,, was significantly greater at 4, 8 and 12h; reactivity to PGF2,, was increased at all time points after exposure to OA, but the difference did not achieve significance at 24, 48, 72 h and 1 week because of considerable inter-animal variation. Guinea-pigs exposed to OA exhibited a prompt accumulation of cells into the pulmonary airway lumen, such that 4 h after exposure to antigen, total cell numbers in BAL fluid had increased to 42.3 + 3.1 x 106 and reached a maximum of 93 + 8.3 x 106 by 12 h; for comparison, 22.7 + 1.9 x 106 cells were recovered from sensitized guinea-pigs not exposed to OA. Neutrophilia was most pronounced between 4 and 12h, with a steady decline thereafter (Table 4) . Eosinophil accumulation into the airway lumen had a slower onset, but was more protracted than neutrophil accumulation, with a significant increase persisting for at least one week (Table 4) . Expression of eosinophil counts as percentage of the total cell population, revealed the predominance of this cell type, since eosinophils comprised approximately 38% of the cells recovered in BAL fluid one week after exposure to OA. A temporal relationship between airway hyperreactivity to histamine and pulmonary airway eosinophilia was apparent (Figure 1) . However, when airway reactivity to histamine was compared with airway eosinophilia for each animal between 4 h and 7 days following exposure to OA, no correlation was evident (Figure 2 ). There was also no correlation between airway reactivity and accumulation of any other cell type in BAL fluid.
Drug effects on airway hyperreactivity
None of the drugs tested in this study diminished airway hyperreactivity as indicated by the reaction to PGF2.. Ketoti type was observed at 24 h and, whereas platelets returned to the circulation after a further 24 h, neutrophil depletion persisted for 48 h. Experiments with naive animals revealed that platelet numbers decreased from 508,000 + 27,859 to 61,500 + 12,286pl-1 24h after injection of APS (n = 10) and neutrophils decreased from 2,858 + 273 to 166 + 83 p'-24 h after injection of ANS (n = 10). Guinea-pigs treated with APS or ANS were exposed to an aerosol of OA (0.1%) at 24 h, the time point of maximal depletion. Basal cell numbers in BAL fluid were not affected by these treatments and neither pulmonary airway eosinophilia nor airway hyperreactivity were diminished in thrombocytopaenic or neutropaenic guinea-pigs compared with untreated animals (Figure 3 ).
Discussion
Bronchial asthma is commonly characterised by increased airway reactivity to spasmogens (Cockcroft, 1983) and eosinophilia of sputum (Epstein, 1972) , peripheral blood (Horn et al., 1975) or bronchial tissue (Huber & Koessler, 1922; Dunnill, 1960; Filley et al., 1982) . Clinical studies strongly suggest a close link between airway eosinophilia and increased airway reactivity. During reactions to inhaled allergen, an eosinophil chemotactic factor has been detected in serum (Metzger et al., 1986; Hakansson et al., 1989) , which accords with bronchial eosinophil accumulation found in patients exhibiting a late asthmatic response (De Monchy et al., 1985; Metzger et al., 1987) who are known to develop airway hyperreactivity (Durham & Kay, 1985; Diaz et al., 1989) . It has been proposed that eosinophils cause epithelial damage by releasing major basic protein (Filley et al., 1982; Frigas & Gleich, 1986) which may lead to increased airway reactivity, either by exposing sensory nerve endings (Barnes, 1986) or by removing the protective effects of an epithelial derived relaxant factor (Flavahan et al., 1988) .
Other clinical studies indicate that eosinophilia and increased airway reactivity may be unrelated. Thus, increased airway reactivity is observed shortly after resolution of early airway obstruction following exposure to antigen (Thorpe et al., 1987) , when eosinophils are not evident in lavage fluid (De Monchy et al., 1985) . Increased airway reactivity occurs in normal subjects after viral infection of the upper respiratory tract (Empey et al., 1976 ); a condition characterised by bronchial epithelial damage and shedding (Hers & Mulder, 1961; Walsh et al., 1961) , which is caused by a direct action of the virus (Negroni & Tyrrel, 1959) , without an apparent involvement of eosinophils. Conversely, patients with chronic cough and elevated sputum eosinophils have been shown to exhibit no increased airway reactivity (Gibson et al., 1989) .
We have used sensitized guinea-pigs to study the relationship between increased airway reactivity and cellular inflammation of the airways, particularly eosinophil accumulation, following antigen challenge. The guinea-pig is well suited for such studies since airway hyperreactivity and eosinophilia can readily be demonstrated in this species (Kallos & Kallos, 1984; Dunn et al., 1988; Hutson et al., 1988a; Aoki et al., 1988; Daffonchio et al., 1989) . Exposure of sensitized guineapigs to aerosols containing a small dose of allergen induced an allergic reaction without anaphylactic bronchospasm. These guinea-pigs invariably developed a pronounced pulmonary airway eosinophilia which persisted for at least one week. Preliminary histological studies indicated that there was a good correlation between bronchial tissue eosinophilia and eosinophils collected in BAL fluid, in agreement with earlier studies (Snella et al., 1987; Dunn et al., 1988) . Accordingly, we have chosen to assess eosinophil accumulation in BAL fluid rather than by histology, due to the difficulty in evaluating histological specimens of lung tissue from large numbers of guineapigs.
In animals sensitized with 10pg of OA, airway eosinophilia and increased airway reactivity to histamine or PGF2. followed a similar time course, yet there was no correlation between these two events, nor was accumulation of other cell types correlated with airway hyperreactivity. Dissociation between pulmonary airway eosinophil accumulation and increased airway reactivity was most clearly evident in guineapigs sensitized with 1 pg of ovalbumin, since these animals exhibited no airway hyperreactivity to spasmogens, despite a 7
fold increase in eosinophil numbers in BAL fluid. Such observations are in agreement with a recent study where endotoxininduced airway inflammation, consisting of eosinophils and neutrophils, in the guinea-pig was not accompanied by airway hyperreactivity (Folkerts et al., 1988) . Furthermore, depletion of leukocytes in guinea-pigs by steroids did not suppress bronchial hyperreactivity induced by ozone (Murlas & Roum, 1985) . It is interesting to note that stimuli such as ozone Holroyde & Norris, 1988) (Winqvist et al., 1982) . Hypodense eosinophils exhibit greater oxygen consumption (Winqvist et al., 1982) , are more reactive to a variety of stimuli, thus generating greater quantities of leukotriene C4 (LTC4), and kill parasite larvae more actively (Rothenberg et al., 1988 (Murlas & Roum, 1985; , Sanjar et al., 1990 , rats (Spicer et al., 1985) or man (Ohman et al., 1972; Horn et al., 1975; Gobel, 1979; Diaz et al., 1984) . It was surprising that none of the drugs used in this study inhibited airway hyperreactivity. Steroids are known to inhibit increased airway reactivity after antigen challenge (Cockcroft & Murdock, 1987) or exposure to toluene diisocyanate (Fabbri et al., 1985) . However, efficacy of compounds such as aminophylline or ketotifen at inhibiting acute increases in airway hyperreactivity is unclear and histamine (H1) receptor antagonists and fl-adrenoceptor agonists (Cockcroft & Murdock, 1987; Lai et al., 1989) are ineffective. Of particular interest was the effect of salbutamol since animals treated with the high dose (1 mgkg -day -) did not survive antigen exposure. Increased mortality has previously been demonstrated in guinea-pigs treated with f-adrenoceptor agonists before exposure to an aerosol of histamine (Conolly et al., 1971) or intravenous antigen (Izard et al., 1971) , which may reflect the capacity of these compounds to induce airway hyperreactivity . Guinea-pigs treated with a lower dose of salbutamol showed no inhibition of eosinophil accumulation, in agreement with an earlier study in which salbutamol (albuterol) was used (Hutson et al., 1988b) . However, fenoterol has been shown to inhibit eosinophil accumulation in airways of passively sensitized guinea-pigs (Fugner, 1989) . The differences in the activity of these fl- (Lai et al., 1989) , thereby inducing late-onset airway obstruction in subjects who previously gave only an early airway obstruction.
On the basis of these observations, the sensitized guinea-pig model differs from allergic asthma principally by the lack of inhibition of airway hyperreactivity by steroids. Removal of circulating platelets (Pinckard et al., 1977; Butler & Smith, 1981; Lellouch-Tubiana et al., 1988) or neutrophils (Wedmore & Williams, 1981; O'Byrne et al., 1984) has been shown to diminish inflammatory reactions. In the present study, neither platelets nor neutrophils contribute to either antigen-induced airway eosinophilia or hyperreactivity.
These observations are in agreement with studies of plateletactivating factor (PAF)-induced pulmonary airway eosinophilia, when neither platelet nor neutrophil depletion influenced the eosinophilic response (Sanjar et al., 1990) . Furthermore, antigen-induced late-onset airway obstruction and pulmonary eosinophil accumulation was also not influenced by neutrophil depletion (Hutson et al., 1989 ).
The present observations indicate that the association between pulmonary airway eosinophilia and acute airway hyperreactivity reflects a common origin (the allergic reaction) rather than a causal relationship, thus airway hyperreactivity and eosinophil accumulation occur simultaneously but independently of each other.
